To gain insight into the neural basis of visual attention we combined transcranial magnetic stimulation (TMS) and event related potentials (ERP) during a visual search task. Single-pulse TMS over right posterior parietal cortex (rPPC) delayed response times to targets during conjunction search, and this behavioural effect had a direct ERP correlate. The early phase of the N2pc component that reflects the focusing of attention onto target locations in a search display was eliminated over the right hemisphere when TMS was applied there, but was present when TMS was delivered to a control site (vertex). This finding demonstrates that rPPC TMS interferes with attentional selectivity in remote visual areas.
INTRODUCTION
Numerous studies have used visual search to study the role of spatial attention in target selection when no advance spatial information is available (Treisman and Sato 1990) . Functional brain imaging studies have suggested the involvement of a dorsal frontoparietal attentional network in visual search (Nobre et al. 2003) . However, the specific functions of different parts of this network such as the frontal eye fields (FEFs) or posterior parietal cortex (PPC) are still poorly understood, and there is little direct evidence of the interactions of these areas with sensory cortex. Dissociating the roles of such areas requires methods that afford high-temporal resolution to capture the dynamics of cortico-cortical interactions, and to identify the effects of these areas on different stages of visual processing. Here, we combined eventrelated potentials (ERPs) and transcranial magnetic stimulation (TMS) to obtain new insight into how PPC contributes to selectivity in visual search.
Previous TMS studies have provided evidence of the role of right PPC (rPPC) in visual search (Ashbridge et al. 1997; Fierro et al. 2001; Muri et al. 2002; Walsh et al. 1999) . Single-pulse TMS over rPPC applied 100 ms after search array onset, for example, delays reaction times (RTs) to conjunction targets (Ashbridge et al. 1997) . Previous ERP studies have shown that target detection in visual search gives rise to an enhanced N2 component at occipital electrodes contralateral to the side of a target (N2pc) that is typically elicited at latencies beyond 200 ms (Eimer 1996; Luck and Hillyard 1994; Woodman and Luck 1999) . The N2pc originates from ventral occipital cortex in humans (Hopf et al. 2000) and is interpreted as a marker for a shift of G. FUGGETTA, E. F. PAVONE, V. WALSH, M. KISS, AND M. EIMER 4 attention to the search target location. In the present study, we combined TMS and EEG/ERP recordings in a task where targets were defined by a conjunction of colour and orientation. Single-pulse TMS was applied over rPPC, behavioural and ERP measures were obtained in parallel, and compared to blocks where TMS was applied to a control site (vertex). We expected RTs on target-present trials to be delayed with rPPC relative to vertex TMS. If this was due to a specific impairment of spatial attention shifts caused by rPPC stimulation, the N2pc should be delayed and/or attenuated when TMS is applied over rPPC, but not for vertex stimulation. Search arrays were presented for 720 ms. Intertrial interval was 2426 ms.
MATERIALS AND METHODS

Participants
Subjects reported the presence or absence of a target as fast and accurately as possible by pressing the '1' or '2' key on a keyboard. Within blocks targets were presented with equal probability in the left or right visual field on 48 trials, and was absent in 24 trials. In half the trials, TMS was delivered 100 ms after search array onset; no TMS was applied in the other half. A TMS pulse was delivered without any visual stimulus on 12 randomly interspersed trials (TMSonly trials). The TMS coil was changed after every two blocks of trials to prevent overheating. A head and chin rest was used to minimize head movements, and a coil holding device was employed to ensure stable coil position. structures has demonstrated that P4 is usually located above the right angular gyrus. PPC and vertex stimulation were delivered in separate halves of the experiment, in counterbalanced order across subjects. To compensate for the increased distance between coil and scalp necessitated by the EEG cap, TMS intensity was slightly higher (on average 85% of maximum stimulator output) than in previous behavioural studies.
TMS:
EEG recording and analysis: EEG was recorded with a DC 32-channelamplifier (1-kHz sampling rate; 250 Hz high cutoff frequency) from 25 Ag-AgCl electrodes with linked-earlobes reference. Horizontal EOG (HEOG) was recorded from electrodes positioned on the outer canthi of both eyes.
Impedance was kept below 5kM. Because EEG acquisition was continuous, EEG waveforms included a TMS artefact induced by the magnetic pulse (18 ms duration, with a rebound residual after 30 ms). Artefacts were removed by cutting out 40 ms segments (from 2 ms prior to TMS onset to 38 ms after TMS onset) from EEG waveforms for all TMS trials and electrodes. EEG data points before and after each removed segment were then joined. This induced a random voltage step between the joined data points for single trials, which was eliminated by EEG averaging.
Only EEG data for TMS trials with correct responses and reaction times (RTs) between 150 ms and 1300 ms were analysed. EEG was epoched from 100 ms prior to search array onset to 740 ms after array onset (without the 40 ms segment removed through artefact cutting). Epochs with eye movements and muscle or movement artefacts (as indicated by HEOG activity exceeding ± 40 OV, and activity at other electrodes exceeding ± 80 OV) were excluded from analysis. ERPs were computed for different combinations of target location (left, right) and TMS condition (vertex, rPPC), relative to a 100 ms prestimulus baseline. To remove contribution of TMS-induced auditory and somatosensory activity to these ERPs, EEG recorded on TMS-only trials was averaged and then subtracted from ERPs on visual search trials with TMS, separately for blocks with TMS applied to rPPC or vertex (see Thut et al. 2005 for details of this artefact template subtraction technique). ERPs were then filtered using 0.01 Hz high-pass, 40 Hz low-pass, and 50 Hz notch filters.
Differential effects of TMS applied to rPPC versus vertex on the N2pc were quantified on the basis of ERP mean amplitudes in two time windows (250-300 ms and 363-413 ms after array onset). Separate repeated measures analyses of variance (ANOVAs) were conducted for parieto-occipital electrodes over the right hemisphere where TMS was applied (P8, PO8), and over the left hemisphere (P7, PO7), for the factors electrode site, coil position (rPPC, vertex), and contralaterality (target contralateral versus ipsilateral to electrode). Greenhouse-Geisser epsilon adjustments for nonsphericity were applied where appropriate. Post-hoc paired t-tests were Bonferroni corrected for multiple comparisons.
RESULTS
Behavioural effects:
To control for interindividual RT differences, and for the order of TMS locations, RT data were normalized by computing the ratio between mean RTs for trials with and without TMS for different trial types. A G. FUGGETTA, E. F. PAVONE, V. WALSH, M. KISS, AND M. EIMER 8 main effect of coil position (rPPC versus vertex: F (1, 6) =7.1, p<.05) and a main effect of target (present versus absent: F (1, 6) =11.8, p<.05) showed that RTs were delayed with rPPC relative to vertex stimulation (see Fig.1 ). The interaction coil position x target was also significant (F (1, 6) =9.9, p<.05), Posthoc comparisons showed that RTs on target-present trials were delayed with rPPC relative to vertex stimulation (p<.01). Further analyses were conducted for raw RTs. Mean raw RTs were delayed on target-present trials with rPPC stimulation relative to no-TMS trials (571 vs. 543 ms, p<.05), whereas no significant difference between TMS and no-TMS trials was found for blocks with vertex stimulation (546 vs. 540 ms). When rPPC stimulation was applied, RTs to left and right targets did not differ significantly (572 vs. 569 ms), thus ruling out the possibility that lateralised auditory or tactile effects of rPPC stimulation might have triggered automatic attention shifts towards the right.
Errors were below 5% for all trial types. 
